Introduction
Hemocyanins are the oxygen binding proteins in the hemolymph of arthropods and molluscs. Arthropod hemocyanins differ essentially in the quaternary structure (Van Holde & Miller 1995) and amino acid sequence (Drexel et al. 1987 ) from mollusc hemocyanins.
The monomer subunits in hexamers of arthropod hemocyanin molecules are similar in the amino acid sequence to insect storage proteins (hexamerins) (Willott et al. 1989 , Beintema et al. 1994 ) and insect pro-phenol oxidases (Fujimoto et al. 1995 , while the functional units of mollusc hemocyanins show sequence similarity with tyrosinases from a bacterium, a mold and a mouse (Drexel et al. 1987) . The heterogeneity of monomer subunit molecules was investigated using polyacrylamide gel electrophoresis for spiders, scorpions, a whipscorpion, whipspiders 1) Institute of Biological Sciences, University of Tsukuba, Tsukuba, Ibaraki 305-8572, Japan 11J~' T 305-8.572 -< 6 r a 1-1-1 2) Master's Program in Biosystem Studies, University of Tsukuba, Tsukuba, Ibaraki 305-8572, Japan >~ x T T 305-8572 ; t l -i 6 r A 1-1-1 * Corresponding author Accepted October 26, 1998 and horseshoe crabs (Sugita & Sekiguchi 1975 , Markl et al. 1979 , Aui et al. 1995 .
Phylogeny inference programs produced branching patterns for the chelicerate hemocyanin subunits completely sequenced (Beintema et al. 1994 , Burmester & Scheller 1996 . However, the patterns could not show any evolutionary relation between a spider and two horseshoe crabs having these subunits, because the branching patterns showed a terminal node including hemocyanin subunits of the American horseshoe crab and a tarantula spider instead of the Japanese horseshoe crab, suggesting that these three subunits were not orthologous.
Therefore, to produce animal phylogenetic tree, orthologous hemocyanin subunits that originated from one subunit in a common ancestor have to be chosen from many subunits between species.
As the first step to make species tree of spiders using the hemocyanin subunit sequence data, Takasu and Sugita (1997) analyzed the N-terminal amino acid sequences of hemocyanin monomer subunits from four araneid spiders and reported that duplications of monomer subunit occurred in the lineages of Argiope amoena and Nephila clavata or in the common ancestor immediately before the divergence of these two spiders and then in the lineage of N clavata. Thus, they could show that N-terminal amino acid analysis is available not only to find orthologous subunits but also to study the molecular evolution of hemocyanin subunits.
From N-terminal amino acid analysis of the three Asian horseshoe crab hemocyanin subunits, Sugita and Murayama (1998) proved that immunologically identical subunits are orthologous in Asian horseshoe crabs and showed that six phylogenetic trees can be produced using the six sets of orthologous hemocyanin subunits of Asian horseshoe crabs.
In this paper, we report that Asian horseshoe crabs and American horseshoe crab share six orthologous hemocyanin subunits and duplications of hemocyanin subunits occurred in the lineage of the American horseshoe crab based on the N-terminal amino acid sequence comparison of the hemocyanin subunits from the horseshoe crabs.
Materials and Methods
The Southeast Asian horseshoe crabs Carcinoscorpius rotundicauda, were obtained from the vicinity of Bangsaen, Thailand. Hemolymph was collected by puncturing the heart with a sterilized syringe to prevent the hemocytes from exploding. After sedimentation of hemocytes at 4°C, the blood plasma was pushed out of the syringe and kept with a roughly equal volume of glycerin at -20°C.
Hemocyanin sample with glycerin was dialyzed against 50 mM Tris-HCI, 10 mM EDTA, pH 8.9 to dissociate hemocyanin molecules, then passed through a column of HiPrep 16/60 Sephacryl S-200 HR (Pharmacia Biotech) to eliminate small and large molecules. A fractionation of hemocyanin subunit mixture was performed by anionexchange chromatography of HiLoad 16/10 Q Sepharose HP (Pharmacia Biotech), equilibrated with 50 mM Tris-HC1, 10 mM EDTA, pH 8.9. Elution with a linear gradient of 0.25-0.35 M NaCI in 50 mM Tris-HCI, 10 mM EDTA, pH 8.9 was carried out at a flow rate of 1 ml/min at room temperature.
7.5% acrylamide disc and slab gels at pH 8.9 were prepared according to the method of Davis (1964) and electrophoresis of native hemocyanin subunits was carried out using Davis's tank buffer.
Hemocyanin subunits in the gel discs were re-electrophoresed into a slab gel. The subunits in the slab gel were transferred to a polyvinylidene difluoride (PVDF) mem-brane which had been activated for 1 min in 100% methanol and soaked in transfer buffer. The transfer buffer contained 25 mM Tris, 192 mM glycine, pH 8.3, 20% methanol and 0.02% sodium dodecyl sulfate. Electrophoretic transfer was carried out for 7 hr at 2.5 mA/cm2 in a blotting apparatus (Towbin et al. 1979 ). Subsequently, the PVDF membrane was washed for 10 min in 10 mM sodium borate solution containing 25 mM NaCI. After a rinse with distilled water, proteins on the PVDF membrane were stained for five minutes with a Coomassie blue solution (0.1% in 42% methanol/17% acetic acid) and destained for a few minutes with 90% methanol, washed with distilled water and then dried overnight.
Hemocyanin subunit HR1 was extracted from gel discs into 50 mM Tris-HC1, pH 8.9 buffer containing 10 mM EDTA and freeze-dried after repeated dialysis against distilled water. Freeze-dried HR1 dissolved in 300,u1 of 7 M guanidine hydrochloride, 0.5 M Tris-HCI, 10 mM EDTA (pH 8.5) solution was denatured and completely reduced with 1 mg dithiothreitol under nitrogen gas. After 2 hours, 2,ul of 4-vinlypyridine was added in a solution of reduced subunit HR 1 to detect S-alkylated cysteine residue. The reaction was allowed to continue for over night in the dark. The mixture was dialyzed against distilled water at 4°C and transferred directly to the PVDF membrane.
The portion of the PVDF membrane containing the hemocyanin subunit was mounted in the reaction chamber of a protein sequences. N-terminal sequence analysis was performed with a Procise 492 gas phase sequencer (Applied Biosystems).
In pairwise comparisons to calculate difference scores between two hemocyanin subunits, all comparable residues between the two sequences are counted and an N-terminal extension is not counted. When there are HQ and QH in positions 22-23 of the two sequences, the difference score is counted as 1.
Results
Instead of direct electrophoresis of serum hemocyanin (Sugita & Murayama 1998) , C. rotundicauda hemocyanin was fractionated on HiLoad 16/10 Q Sepharose HP column and the subunits in the five fractions (HR1-HR5) were electrophoresed separately into acrylamide disc gels (Fig. 1) .
Protein sequencing of hemocyanin subunits gave the sequences for the first 21-40 amino acid residues as shown in Table 1 . Like most chelicerate hemocyanin subunits, all the subunits possessed lysine-glutamine residues in positions 5-6 and a leucine residue in position 12. Position 13 contained a phenylalanine except for subunits HR3, which was leucine. The S-alkylated HR 1 had a cystein residue in position 10 and HR4 had lysine-glutamic acid-lysine residues in positions 21-23. These amino acid residues in HR 1 and HR4 were determined for the first time. The last three residues of HR 1 and the last one residue of HR2 were added to known sequences and residues in position 14 of HR2 and in positions 15-16 of HR4 were corrected in this experiment. Discussion Lamy et al. (1983) reported the N-terminal sequences of eight immunologically different subunits from L. polyphemus hemocyanin for the first 20-26 amino acid residues and Nakashima et al. (1986) . The subunit bands HR2-HR5 were cut out from the disc gels and the subunits in the gel discs were re-electrophoresed into a slab gel. 
Comparison of N-terminal sequences of hemocyanin rotundicauda (HR1-HR6) and L. polyphemus (LP1-LP6)
subunits from between C. rotundicauda and L, polyphemus hemocyanin subunits, each one of the six subunits of C. rotundicauda hemocyanin is similar to the comparable subunits of L. polyp hemus hemocyanin as shown in Table 1 . The N-terminal difference scores between paired subunits in Table 1 are smaller than those between each of paired subunits and other subunits, if LP3A and LP6 are excluded from this comparison. For example, the N-terminal sequence difference between HR 1 and LP2 is 12%, while those between each of HR 1 and LP2 and other subunits are 52% (HR 1-LP4, LP2-HR2) to 78% (LP2-HR6) ( Table 2 ). The difference score (12%) between HR1 and LP2 is smaller than those (30-68%) among C. rotundicauda hemocyanin subunits (Table 3) . LP2A and LP3A have common sequence traits to HR2, suggesting these three subunits have originated from a common subunit.
LPS, LP6 and HR4 are two residues longer on the N-terminal than other subunits and have common sequence traits. This supports strongly that they are in direct descent from a subunit.
Thus, it is evident that C. rotundicauda and L. polyphemus share six orthologous hemocyanin subunits derived from their common ancestor. Sugita and Murayama (1998) showed that each hemocyanin of the three Asian horseshoe crab, C. rotundicauda, Tachypleus gigas and T, tridentatus, was composed of six immunologically different subunits, each subunit of which was immunologically identical to the comparable subunits of two other species. From the N-terminal sequence comparison and immunological comparison of hemocyanin subunits, they concluded that Asian horseshoe crabs share six orthologous hemocyanin subunits and orthologous subunits are immunologically identical among three species.
Thus, we can infer that L. polyphemus had six hemocyanin subunits correspondent to the six subunits of C. rotundicauda hemocyanin at first. Consequently, it is a reason- Table 2 . N-terminal % difference scores between L. polyphemus and C rotundicauda hemocyanin subunits. Table 3 . N-terminal % difference scores among C dicauda hemocyanin subunits (HR1-HR6).
rotun-able scenario ( Fig. 2A) that the common ancestor of all four horseshoe crabs had six hemocyanin subunits, which are shared among extant horseshoe crabs, and that after the divergence of two lineages of L. polyphemus and Asian horseshoe crabs, duplications of two subunits gave rise to the two subunit sets of LP2A-LP3A and LP5-LP6 in the lineage of L. polyp hemus. However, there is another possible scenario (Fig. 2B ) that the common ancestor of American and Asian horseshoe crabs had eight subunits and the common ancestor of the Asian species lost the two subunits. In that case, it is thought from sequence similarity between HR2, LP2A and LP3A that the duplication of LP2A or LP3A had occurred immediately before the divergence of American and Asian species and then the deletion of one subunit of the duplicated subunit set occurred after the divergence event in the common ancestor of Asian species. In this scenario, the one subunit of the duplicated subunit set was lost two times by chance. Probability that these two events happened in the common ancestor of Asian horseshoe crabs is extremely low. Furthermore, this scenario (Fig. 2B) is less parsimonious than the former scenario ( Fig. 2A) , so we support the former.
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